I propose to use Artificial Life as a vehicle for studying how path dependence can manifest itself in evolving systems, how it affects the development of the system's constituents, how it can enhance or detract from the application of Artificial Life techniques, and how these findings generalize to biological systems. To achieve this goal, I will examine artificial organisms that are able to modify elements of the system other than their own genetic code in a way that alters the fitness of future generations.
Background and Significance
A system is said to be path dependent when some aspect of its equilibrium state depends on events along the path toward that equilibrium [Art87] .
A glass full of ice cubes exhibits very little path dependence since it winds up in the same ultimate configuration regardless of how the ice cubes shift as they melt. In contrast, the world around us supplies many examples strongly path dependent phenomena: the location of cities [Art87] and their primary industry [Art94] , the prevalence of the QWERTY keyboard layout [Dav85] , the protocols used in telecommunication networks [Sha99] , and the gauge of railroad tracks [Sha99] .
Specific Goal
My goal is to learn how path dependence can manifest itself in evolving systems, how it affects the development of the system's constituents, how it can enhance or detract from the application of Artificial Life techniques, and how these findings generalize to biological systems.
Manifestations of Path Dependence
Earlier, I defined a path dependent system as one in which some aspect of its equilibrium state depends on events along the path towards that equilibrium. To focus my research, I will limit myself to a narrower type of path dependence: I will examine organisms that are able to modify elements of the system other than their own genetic code in a way that alters the fitness of future generations.
Intuitively, I want to know what happens when a participant can change the rules of the game.
Candidates for manifestation include:
• Modifications of the environment to make it more or less hospitable to certain organisms.
• Increasing or decreasing the population of an organism that other organisms depend on (for example, food).
• Deliberate breeding of one organism by another organism.
• The accumulation and intergenerational transfer of resources.
• Focusing effort on destroying organisms that display unique abilities, thereby attempting to slow the evolution rate of potential competitors.
Impact on Constituents
I would like to explore exactly how this ability to influence the fitness of future generations affects the process natural selection.
One aspect of this impact I will investigate is the degree to which selection favors organisms adept at modifying their environment over organisms that would be more successful in an unmodified environment. Another important question is what impact opportunities to create path dependence have on the rate of adaptation, both in the individual and the system in its entirety.
Path Dependence in Applications of Artificial Life
When Artificial Life is used to solve problems, reproduction is usually used as a "reward" to bias the population of organisms towards those that perform useful work correctly. I hypothesize that this reward suboptimally biases the system towards jacks-of-all-trades and away from specialists: an organism that is mediocre at all tasks will reproduce in each generation, while an organism that is excellent at a few tasks but poor at others will reproduce extensively at first, but then die out completely. Some propose to fix this problem by allowing all organisms to reproduce in every generation, but allowing the successful ones to reproduce more; unfortunately this approach often slows the rate of useful evolution since many unfit organisms are kept around.
I propose to solve this problem by introducing path dependence into the system. Organisms are rewarded not only with increased reproduction, but also with some environmental bias that can be used later on as an unfair advantage. This bias acts as a "super reward" that effectively increases the stakes and hopefully accelerates evolution by allowing specialist organisms to "save up" during the rounds in which they perform in an outstanding manner.
My research will also investigate the optimal level of path dependence. Too much path dependence can entrench suboptimal organisms and cause the system to stagnate, while too little will fail to yield the enhancement I am seeking.
Methods
I intend to perform exploration and experimentation using the Avida Artificial Life System [Ada94] as a research platform. Modifications to Avida will be required in order to allow organisms to manipulate their environment.
Initial exploration will be performed using the Bedau visualization technique, [Bed99] which consists of a single chart of time (t) vs. After initial exploration, I will formulate a set of hypotheses about environmental parameters that can induce path dependence as well as their influence on the development of artificial organisms. I will devise and perform experiments to test these hypotheses using the Avida system and will report the exact environmental parameters and any source code required to reproduce these experiments in order to assure repeatability.
Prior Work
This work is unique among Artificial Life research in that it allows artificial organisms to modify their environment in ways that impact the fitness of their offspring and their offspring's competitors.
The closest work seems to be in the area of predator-prey Mil94] , in which one could argue that the predator is able to shape the prey's genome.
Nolfi and Floreano augmented this technique with a "Hall of Fame" [NF98] in an attempt surmount the jackof-all-trades problem; their work involved comparing each predator and prey from each generation with the best predator and prey from each of the last 50 generations.
Selection of Graduate Institution
I believe that the best environment for this research is the Digital Life Laboratory at the California Institute of Technology. The laboratory is a leader in Artificial Life and has numerous publications in the field. As a graduate student in this environment I would have contact with some of the leading figures in Artificial Life and access to the latest ideas and techniques.
CalTech is also highly regarded for its undergraduate Computer Science education program, and is one of only a very small number that offers an undergraduate course in Artificial Life. After my extremely positive experiences as a teaching assistant at Carnegie Mellon, I am anxious to once again resume a role in the educational process, preferably as a teaching assistant for this course. This would offer me an opportunity to integrate the research I do in the lab with the teaching I do in the classroom, enhancing my own understanding of the material while helping to propagate cutting-edge research into the field through undergraduate education.
While I am committed to pursuing a degree in Computer Science, the research path I have chosen is clearly interdisciplinary in nature, with connections to Economics and Biology. One of my priorities at CalTech will be to seek out ways to collaborate with the Economics and Biology departments in pursuit of this research.
